Quantitative assessment of partial vascular 
occlusions in a swine pedicle flap model using 
spatial frequency domain imaging 

Adrien Ponticorvo, 1 Eren Taydas, 1 Amaan Mazhar, 2 Thomas Scholz, 3 Hak-Su Kim, 3 
Jonathan Rimler, 3 Gregory R. D. Evans, 3 David J. Cuccia, 2 and Anthony J. Durkin, 1 '* 

Beckman Laser Institute and Medical Clinic, University of California Irvine, 1002 Health Sciences Road East, 

Irvine, CA 92617, USA 

"Modulated Imaging Inc., Beckman Laser Institute Photonic Incubator, 1002 Health Sciences Rd. East, Irvine, 

CA 92617, USA 

3 Department of Plastic Surgery, University of California Irvine Medical Center, 200 S. Manchester Ave., Suite 650, 

Orange, CA 92868, USA 
*adurkin@uci. edu 

Abstract: The use of tissue transfer flaps has become a common and 
effective technique for reconstructing or replacing damaged tissue. While 
the overall failure rate associated with these procedures is relatively low (5- 
10%), the failure rate of tissue flaps that require additional surgery is 
significantly higher (40-60%). The reason for this is largely due to the 
absence of a technique for objectively assessing tissue health after surgery. 
Here we have investigated spatial frequency domain imaging (SFDI) as a 
potential tool to do this. By projecting wide-field patterned illumination at 
multiple wavelengths onto a tissue surface, SFDI is able to quantify absolute 
concentrations of oxygenated and deoxygenated hemoglobin over a large 
field of view. We have assessed the sensitivity of SFDI in a swine pedicle 
flap model by using a controlled vascular occlusion system that reduced 
blood flow by 25%, 50%, 75%, or 100% of the baseline values in either the 
vein or artery. SFDI was able to detect significant changes for oxygenated 
hemoglobin, deoxygenated hemoglobin, or tissue oxygen saturation in 
partial arterial occlusions of at least 50% and partial venous occlusions of at 
least 25%. This shows SFDI is sensitive enough to quantify changes in the 
tissue hemoglobin state during partial occlusions and thus has the potential 
to be a powerful tool for the early prediction of tissue flap failure. 
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OCIS codes: (110.4234) Multispectral and hyperspectral imaging; (170.3660) Light 
propagation in tissues; (170.3880) Medical optics and biotechnology; (170.6510) Spectroscopy, 
tissue diagnostics. 
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1. Introduction 

The use of tissue transfer flaps has become a common and effective technique for 
reconstructing or replacing damaged tissue, typically in cases of cancer resection or trauma 
[1]. Tissue flap transfers are a method of moving tissue from a donor location to a recipient 
location [2,3], and have the potential to suffer from complications from either partial or 
complete occlusions of the vasculature. While the overall failure rates associated with this 
procedure are relatively low (5-10%) [2-7], the failure rates of tissue flaps that suffer from 
these complications and require additional surgery are significantly higher (40-60%) [2,3,7]. 
Not surprisingly, it has been shown that the chances of salvaging a tissue flap are directly 
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related to the length of time needed to diagnose a problem [2,3]. Many tissue flap studies have 
focused on ischemic arterial failure, despite the fact that venous failures are more common 
and can lead to more severe damage [8,9]. Even fewer studies have focused on partial venous 
occlusions, which may only have subtle signs of congestion in its early stages before 
developing into a severe thrombosis that can be extremely difficult to treat [10]. The resulting 
tissue damage can result in the loss of part, or all, of the tissue transfer flap, which in turn can 
result in increased morbidity to the patient. The ability to detect these vascular compromised 
flaps when they experience a partial occlusion, be it arterial or venous or both, allows for 
earlier intervention by the clinician, and thereby improves salvage rates in compromised flaps 
[3,6]. 

Currently, clinicians rely primarily on features such as flap size, color, location, and refill 
rate in order to make treatment decisions [6,10,11]. However, a variety of modalities have 
been investigated as tools to provide more quantitative assessments of tissue flap health. Near- 
infrared spectroscopy (NIRS) has been used to differentiate changes in oxygenated 
hemoglobin (ct0 2 Hb) and deoxygenated hemoglobin (ctHHb) as a means to detect and even 
distinguish arterial and venous occlusion in animals [8,12,13] and has shown promising 
results clinically [7,14]. Laser Doppler based techniques can detect partial occlusions in 
animals where NIRS has only been able to detect full occlusions [15], however results in the 
clinic have not been successful [1]. Doppler ultrasound has successfully been used to monitor 
the recovery of tissue flaps post operative ly [16,17]. A limitation shared by these techniques is 
that they are only capable of monitoring very small regions of tissue at a time making it 
difficult to thoroughly investigate a large tissue flap. The use of indocyanine green (ICG) and 
subsequent NIR fluorescence imaging is a technique capable of generating a quantifiable 
image of tissue perfusion [18]. While this seems to be effective in the operating room, the 
need to inject ICG means it is unlikely to be practical as a post-surgical surveillance device. 
Thermal imaging does not require contrast agents and is sometimes used to locate perforators 
before or during surgery [19], but has not been shown to be effective for assessing tissue flap 
health. 

Spatial frequency domain imaging (SFDI) is a non-contact imaging technique capable of 
quantifying changes in ct0 2 Hb and ctHHb by projecting patterned illumination at multiple 
wavelengths onto a tissue surface. It is capable of generating these images with a large field of 
view and fast acquisition times without any contrast agents. This makes it ideally suited to 
monitor tissue flaps in the operating room or post operatively. While some have used SFDI to 
study complete vascular occlusions [8,20], no one has assessed the sensitivity of this 
technique to detect partial occlusions, which would allow for earlier intervention in the case of 
flap failure. In this study we test the ability of spatial frequency domain imaging to detect 
partial occlusions by monitoring swine pedicle flaps as blood flow to the flap is carefully 
controlled. 

2. Methodology 

The setup for the SFDI instrumentation has been described previously [21], but a brief 
description is provided below. The SFDI instrument consists of three fundamental 
components: a light source, spatial light modulator and camera. For these studies, a prototype 
clinic-compatible system (vlOO, Modulated Imaging Inc., Irvine, CA) was used to measure 
tissue oxygenated hemoglobin, deoxygenated hemoglobin, and tissue oxygen saturation 
(st0 2 ). The imaging head is contained in a compact cubic enclosure (~1 ft 3 ) and is light weight 
(-12 lbs) enough to be mounted on an articulating arm attached to a portable cart. The field of 
view of the camera is 13.5 cm x 10.5 cm. Based on previous work [22], a light source 
consisting of modules with LED's centered at 658, 730, and 850 nm were implemented in the 
system to optimize chromophore quantification. A digital light projector based on a Digital 
Micromirror Device (DMD Discovery 1100, Texas Instruments Inc., Dallas, TX) was used to 
project sinusoidal patterns of distinct spatial frequencies onto the tissue flap. The sinusoidal 
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pattern was projected at 3 phases, 0, 120, and 240 degrees. The detection arm consisted of two 
cameras: a dedicated near-infrared (NIR) camera to collect images of the spatially projected 
pattern and a color camera. White light was projected after each series of patterns to capture a 
color photograph of the region of interest, creating a record of clinical appearance so that it 
could be compared to the SFDI data. Data was collected approximately every 30s, although 
the time to collect a series of images at each wavelength, frequency, and phase was 
approximately only 12s. The projector and NIR detection arms were fitted with cross- 
polarizers to eliminate specular reflection. All system hardware was controlled by custom C# 
software (Modulated Imaging Inc., Irvine, CA). A schematic of the instrumentation is shown 
in Fig. 1 below. 
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Fig. 1. Diagram of SFDI imaging system and photograph of a typical swine pedicle flap 
preparation with approximate location of instrumentation. 

Custom software was written in MATLAB (R2011b, Mathworks, Natick MA) to analyze 
the collected images as described previously [21]. For each spatial frequency, the 
demodulation of the three phases was used to determine the AC component of the reflected 
image. For two spatial frequencies (0 and 0.2 mm -1 ), these values were used to estimate the 
absorption and reduced scattering coefficient properties based on a scaled Monte Carlo 
generated lookup table at each wavelength [23]. After a surface profilometry calibration 
measurement of a sample with known optical properties was used to correct for errors 
resulting from surface curvature [24], chromophore concentration maps of ct0 2 Hb and ctHHb 
were generated using absorption maps. Total hemoglobin (ctTHb) maps were generated by 
summing ct0 2 Hb and ctHHb. Tissue oxygen saturation (st0 2 ) was then calculated by dividing 
ct0 2 Hb by ctTHb. 

All experiments were performed in accordance with the University of California, Irvine 
Institutional Animal Care Use Committee protocol #2006-2693. Yorkshire pigs (n = 8, 30-50 
kg) were used in this experiment. The animals were initially anesthetized with an 
intramuscular injection of ketamine (20 mg/kg) and xylazine (2 mg/kg). Following the onset 
of sedation, pentobarbital (10 mg/kg) was intravenously applied and the animals were 
intubated and mechanically ventilated with oxygen (100%) and isoflurane (1-1.5%). Vital 
signs were continuously monitored and kept constant by adjusting anesthesia levels. A heating 
blanket was used to maintain a constant body temperature (36-38°C). Two 12 cm x 7 cm 
bilateral pedicles flaps were created by isolating the flaps from all of the surrounding 
connective skin and tissue. All of the vasculature between the femoral artery and vein and the 
flap was ligated and severed except for the branches that led to the deep inferior epigastric 
artery and vein. This was done so that there would only be one path for blood flow into and 
out of the flap as is the case in free flap procedures. In half of the animals (n = 4), an 
appropriately sized occlusion balloon cuff (Docxs Biomedical, Ukiah, CA) was sutured 
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around the isolated artery that had a typical diameter of 3 mm. A programmable syringe pump 
(NE-1000, New Era, Farmingdale, NY) was used to inject saline into the occlusion balloon 
cuff causing it to inflate and reduce blood flow. An ultrasound probe (TS-420, Transonic 
System,, Ithaca, NY) was also attached to the artery to monitor blood flow and provide 
feedback to the syringe pump so that it could effectively control blood flow to the flap and 
accurately reduce blood flow to a specific value [10]. The time to reach a desired blood flow 
level was typically 4 minutes or less. This setup was repeated in both flaps and one side was 
chosen randomly as the control. The other half of the animals (n = 4) had the same procedure 
done, but a different sized occlusion cuff and probe were used on the isolated vein that had a 
typical diameter of 6 mm. Both flaps were then sutured back to their original area. An 
example of a typical flap preparation is shown in Fig. 1. 

After suturing the tissue flaps back into place and waiting approximately 60 minutes to 
allow stabilization, the ultrasound probe was used to record the blood flow in either the vein 
or the artery of both flaps. After establishing the baseline blood flow, the programmable pump 
was set to adjust the occlusion balloon cuff to reduce blood flow by 25% of the baseline 
value. After 30 minutes, the cuff was deflated and the tissue flap was allowed to recover for 
30 minutes. This process was repeated for reductions of 50%, 75%, and 100% of the baseline 
values. An example of the blood flow changes, as reported by the TS-420, seen during a 
typical arterial and venous experiment are shown in Fig. 2. 
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Fig. 2. Time course of typical blood flow changes during a series of partial occlusions. 



Both flaps were monitored with the SFDI system as well as with an implanted optical 
fluorescent probe that was placed outside the field of view of the SFDI system. The latter was 
used as a means to verify expected changes in absolute regional tissue oxygen tension 
(Oxylite 2000,Oxford Optronix, Oxfordshire, United Kingdom). Additionally, the occluded 
flap alone was monitored with a tissue oxygen saturation monitor (Inspectra St02 monitor, 
Hutchinson Technology, Hutchinson MN), which provided an additional point of reference to 
verify SFDI data. 

In order to assess if there was a statistically significant change in each SFDI derived 
parameter at each partial occlusion level, a paired student's t-test was used to compare the 
relative change in each parameter for the experimental and control flap. A homogenous region 
of interest (ROI) near the center of the tissue flap, approximately 2cm x 2cm, was chosen in 
the experimental and control flaps, so that the SFDI derived parameters could be averaged 
across the animals in the arterial and venous occlusion groups. A p value less than 0.05 was 
considered significant for this study. 

3. Results 

The average arterial baseline blood flow in all the animals was 11.6 ml/min, while the average 
venous blood flow was 15.4 ml/min. The difference in flow between the artery and vein was 
not statistically significant. The average tissue oxygen saturation values on the occlusion flap 
were qualitatively compared against the average Oxylite 2000 and Inspectra measurements to 
verify the effectiveness of the partial occlusions. The average oxygen tension values across 
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animals from the optical fluorescent probe (Oxylite 2000) and the average tissue oxygen 
saturation values from the SFDI and Inspectra systems are shown in Fig. 3 below. The blue 
boxes mark the time that the feedback occlusion system was turned on at a given occlusion 
level. There was typically a delay of several minutes for the feedback system to adjust blood 
flow levels to the appropriate level. 
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Fig. 3. Time course of average st0 2 (%) measured with SFDI compared with tissue oxygen 
tension (mmHg) measured with Oxylite system and st0 2 measured with the Inspectra system in 
the arterial and venous occlusion flaps. 

Similar ROIs in the control and occlusion flaps were used to average several SFDI 
parameters across all animals in the arterial and venous groups. Table 1 below shows the 
relative changes in each SFDI parameter for the occlusion flap at different occlusion levels. 
The values are averaged over a ten minute period ten minutes after the initial onset of each 
occlusion level and compared against an averaged ten minute baseline taken before any 
occlusions. Statistical significance was calculated as described above by comparing with 
relative changes seen in the control group (data not shown). 

Table 1. Relative change of SFDI parameters in occlusion flap 
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For the arterial occlusions at 25%, none of the parameters were significantly different 
from their controls. At 50%, st0 2 , ctC^Hb, and ctHHb were significantly different. At 75%, 
st0 2 , ct0 2 Hb, and ctHHb were again significantly different. At 100% occlusion, the same 
three parameters were significantly different. For the venous occlusions at 25%, ctHHb and 
ctTHb were significantly different from its controls. At 50%, st0 2 , ct0 2 Hb, ctHHb, and ctTHb 
were all significantly different. At 75%, st0 2 , ct0 2 Hb, ctHHb, and ctTHb were again 
significantly different. At 100% occlusion, only st0 2 , ctHHb, and ctTHb were significant 
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different. While st0 2 always decreased and ctHHb always increased regardless of the type of 
occlusion seen, ct0 2 Hb increased during venous occlusions and decreased during arterial 
occlusions. The time course of the absolute values for the SFDI derived parameters are shown 
in Fig. 4 below. 

To highlight the imaging capability of SFDI, Fig. 5 (Media 1) and Fig. 6 (Media 2) show 
image maps of each parameter at different time points Each time point corresponds to the 
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Fig. 4. Time course of average oxygenated hemoglobin, (ctdHb), deoxygenated hemoglobin 
(ctHHb), total hemoglobin (ctTHb), and oxygen saturation (stf}?). Parameters with significant 
changes at a given occlusion level are shown with an asterisk. 
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Fig. 5 . Images of tissue oxygen saturation, absolute changes in oxygenated and deoxygenated 
hemoglobin, and a color image of the flaps are shown at different time points corresponding to 
a different arterial occlusion level (Media 1). 
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Fig. 6. Images of tissue oxygen saturation, absolute changes in oxygenated and deoxygenated 
hemoglobin, and a color image of the flaps are shown at different time points corresponding to 
a different venous occlusion level (Media 2). 

middle of a given occlusion interval, approximately 30 minutes from the start of the 
occlusion. The baseline values were taken before any occlusions were done. Changes in 
ctHHb and ct0 2 Hb were calculated from a reference image taken shortly before the baseline 
images. An example of typical regions of interest selected for the control and occlusion flaps 
are shown with dashed and solid lines respectively. 

4. Discussion 

While generally successful, tissue flap transfers have the potential to fail if vascular 
occlusions are not detected in a timely manner. The current standard of care is to closely 
monitor the tissue flaps in the first 48-72 hours after surgery through intermittent visual 
clinical inspection [3,10]. A device that could constantly monitor tissue flaps and provide 
quantitative assessments, would lead to earlier interventions that directly translate into 
reduced flap failures. Many studies focus on the ability to detect complete occlusions. 
However, this does not capture the clinical reality in most cases where partial occlusions are 
the first warning sign. In the case of complete occlusion, the tissue flap may be completely 
compromised. The ability to detect partial occlusions would be a useful tool for early 
prevention of flap failure. 

In our experiment the measured flow values in the artery and vein were similar to values 
seen by other groups following a similar protocol and using the same flow measurement 
device [10]. The fact that flow was slightly higher in the vein is most likely because the 
measurements on the isolated vein had to be taken further distal at a location for which the 
vein was generally larger than the artery. Still, the difference in flow between artery and vein 
was not statistically significant and could simply be attributed to variations among animals. 

The expected response for a tissue flap undergoing complete arterial occlusion is an 
eventual increase in ctHHb and decrease in ct0 2 Hb and st02 as the ct0 2 Hb is consumed and 
fresh blood cannot deliver more to the flap [25]. While changes in the color images were only 
visible at 100% occlusion, we were able to see significant changes in all of these parameters at 
50% occlusion. The ability to see changes during partial occlusions, presumably before they 
can become complete occlusions, highlights the sensitivity of the system and its potential for 
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early detection of tissue flap failure. Other studies using similar imaging modalities have 
shown an inability to detect significant changes in these parameters during complete arterial 
occlusion in rodents [8]. This highlights an advantage of using a porcine tissue flap model that 
more closely resemble human flaps [20], specifically in terms of thickness. SFDI 
measurements are integrated over a volume of tissue. In rodents, the thin nature of the flaps 
results in the flap being a small partial volume compared to the overall measurement volume. 
Thus, the changes are occurring in a smaller tissue volume compared to the pig model and the 
sensitivity to signal changes is much lower in rodents compared to pigs. 

The expected response for a tissue flap undergoing complete venous occlusion is an initial 
increase in ct0 2 Hb until the pressure build up in the tissue flap prevents incoming blood flow 
and ct0 2 Hb begins to decrease. Additionally we would expect ctHHb to increase and st0 2 to 
decrease over time [25]. Unlike the partial arterial occlusions, significant parameter changes 
could be seen as early as the 25% occlusion where an increase in ctHHb could be detected. 
Again visible changes in the color images could not be seen until 100% occlusion. At 50%, 
75%, and 100% occlusion, changes in all parameters became statistically significant except 
for ctC^Hb. At 100% occlusion, while the initial change in ct0 2 Hb was a significant increase, 
after approximately 10 minutes, it slowly began to decrease towards baseline levels. We 
suspect that if the occlusion time was longer than 30 minutes, we would have eventually seen 
a significant decrease in ct0 2 Hb. Similar studies have seen an almost immediate decrease in 
ct0 2 Hb during a complete venous occlusion [8], but this discrepancy can also be explained by 
the different animal models. If the flap being studied is relatively small, than it is likely that 
the complete venous occlusion would cause the tissue flap to fill up rapidly and the increase in 
ct0 2 Hb would be brief, before it started to decrease. 

A significant advantage of monitoring flaps with an imaging system that has a large field 
of view is the ability to observe several regions of interest simultaneously. During the 100% 
occlusion experiments, the hemodynamic parameter changes were eventually seen throughout 
most of the tissue flap. However, during the partial occlusions the parameter changes were 
more localized, and the system was still able to quickly identify changes. Further analysis is 
needed to study the spatial changes associated with partial occlusions, but this highlights 
another benefit of having a system with a large field of view and good spatial resolution to 
effectively monitor tissue flaps. While these experiments have focused on monitoring 
hemoglobin changes in tissue flaps, with appropriate modifications, a future system could be 
used to examine other important chromophores related to tissue flap health. Fat necrosis, 
another form of flap failure, could be detected with an imaging system capable of monitoring 
lipid concentrations. 

5. Conclusion 

The ability to easily quantify tissue flap health would greatly reduce tissue flap failure by 
allowing clinicians earlier access to failing flaps. SFDI is an ideal tool to monitor these tissue 
flaps because of its large field of view, fast acquisition times, ease of use, and ability to 
quantify multiple parameters directly related to tissue health. We have shown that SFDI is 
sensitive enough to measure chromophore changes in pedicle flaps that are undergoing only 
partial occlusions. This further highlights its potential to be a powerful modality for assessing 
tissue flaps and preventing their failure. 
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